Although imbalanced functional integration has been increasingly reported in major depressive disorder (MDD), there still lacks a general framework to characterize common characteristic and origin shared by the integrative disturbances. Here we examined spatial selectivity, temporal uniqueness, metabolic basis, and therapeutic response of altered functional connectivity (FC) in MDD by analyzing both cross-sectional and longitudinal multimodal functional magnetic resonance imaging data from 35 patients and 34 demographically matched healthy controls. First, based on a voxel-wise, data-driven, graph-based degree centrality approach, the bilateral anterior cingulate gyri, middle frontal gyri and superior frontal gyri, and the right parahippocampal gyrus were robustly identified to show decreased FC in MDD. Further spatiotemporal analyses revealed that these regions exhibited hub-like features and were selectively located in limbic and default mode networks spatially and, relative to other areas in the brain, exhibited unique, frequency-dependent oscillation power (stronger within 0.01-0.027 Hz and weaker within 0.027-0.073 Hz) and less dynamical variability of whole-brain FC profiles temporally. Moreover, a cross-modality fusion analysis showed that all MDD-related FC impairments were associated with reduced cerebral blood flow (CBF); however, there existed multiple regions that showed reduced CBF but had intact FC in the patients, which resulted in a decreased FC-CBF coupling and implied an earlier emergence of reduced CBF than impaired FC in MDD. Finally, the disrupted FC in MDD gradually recovered over the course of drug treatment (2 and 12 weeks). Altogether, these findings could help establish a general framework to provide mechanistic insights into integrative dysfunctions in MDD.
have consistently observed many nontrivial features of healthy brains.
One of the most fascinating findings is that instead of a random and uniform distribution over the entire brain, FC is largely shaped by underlying structural pathways (thus forming functionally coherent subnetworks or modules) and disproportionately converges on a specific set of association cortex regions (i.e., brain hubs) (van den Heuvel & Sporns, 2013; Sporns & Betzel, 2016) . In addition to topographic characteristics, recent studies further find that FC is associated with the temporal oscillation power of the involved region (Zhang et al., 2016) and dynamically varies over time (Liao, Cao, Xia, & He, 2017; Zhang et al., 2016) . Moreover, FC is demonstrated to be coupled with regional cerebral blood flow (CBF) and rates of metabolism such that highly connected hubs have more CBF and higher rates of metabolism (Liang, Zou, He, & Yang, 2013; Tomasia, Wang, & Volkow, 2013) . Finally, FC can be significantly modulated by various endogenous processes and external interventions. For instance, drugs are consistently found to be capable of regulating strength of interregional FC (McCabe & Mishor, 2011) and whole-brain network efficiency (Achard & Bullmore, 2007) . All these findings from healthy subjects indicate that FC possesses structured spatial patterns and temporal organization, has a physiological basis, and can serve as potential biomarkers for therapeutic evaluation.
However, to date, there has been no comprehensive examination of unique spatiotemporal characteristics, metabolic substrate, and therapeutic response of altered FC in MDD.
Aiming at addressing the aforementioned issues, here we conducted a series of analyses of both cross-sectional and longitudinal multimodal fMRI data from 35 patients with MDD and 34 matched healthy controls (HCs). First, we employed resting-state BOLD fMRI to identify regions that exhibited MDD-related FC alterations using a voxel-wise, data-driven, graph-based degree centrality (DC) approach.
Then, for the identified regions, we examined their spatial selectivity in the context of brain hub topography and functional module architecture and their unique temporal organization in terms of low-frequency oscillation power [indexed by amplitude of low frequency fluctuations, ALFF (Zang et al., 2007) , and fractional ALFF, fALFF (Zou et al., 2008)] and temporal variability of whole-brain FC profile [indexed by temporal variability, TV (Zhang et al., 2016) ]. Furthermore, we performed a cross-modality fusion analysis to determine whether the observed FC alterations in MDD have a metabolic basis by linking them with regional CBF derived from resting-state arterial spin labeling fMRI (ASL fMRI). Additionally, we examined the concordance and dissociation of FC and CBF in revealing MDD-related functional alterations. Finally, we utilized a longitudinal design to explore whether the observed MDD-related FC abnormalities could be normalized via sustained drug treatment (2 weeks and 12 weeks). We believe that integrating these analyses on the same cohort of patients will help establish a general model for understanding network disorganization in MDD.
| M A TE RI A L S A ND M E TH ODS

| Participants
All participants included in this study were screened from an ongoing follow-up project that aims to explore the relationships between baseline brain architecture and clinical outcomes of patients with MDD after antidepressant treatment by using multimodal MRI data. Specifically, a total of 69 right-handed participants were included in this study for baseline analysis, including 35 patients with MDD who were recruited from outpatients and inpatients of the Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou, China, and 34 HCs who were recruited from the local community via advertisement. MDD was diagnosed according to the DSM-IV-TR criteria, using the Structured Clinical Interview for DSM-IV (SCID)-I. Exclusion criteria included (a) severe suicidal tendency; (b) pregnant or lactating women; (c) any physical diseases as assessed by personal history; (d) a history of organic brain disorders, neurological disorders, other psychiatric disorders, or cardiovascular diseases; and (e) a history of substance abuse including tobacco, alcohol, or other psychoactive substances. All the patients had a 17-item Hamilton Rating Scale for Depression (HAMD) score 18 and a Mood Disorder Questionnaire (MDQ) score-< 7 at baseline, and were free of psychotropic medications for at least 4 weeks before the baseline MRI scan. Out of the 35 patients with MDD, 21 were first episode and drug naive. To assess the therapeutic response of FC, 28 and 18 patients with MDD were successfully followed up after 2-week and 12-week antidepressant drug treatment, respectively. In addition, out of the 34 HCs, 31 and 30 separately completed 2-week and 12-week follow-up. This study was approved by the Ethics Committee of the Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, and the Affiliated Hospital of Hangzhou Normal University. All participants gave written informed consent.
| Multimodal MRI acquisition
All MRI data were acquired using a 3.0 T MR scanner (GE Discovery MR750, GE Medical Systems, Milwaukee, WI) equipped with an eightchannel head coil array.
| BOLD fMRI data
The resting-state BOLD fMRI data were obtained axially using a singleshot, gradient-recalled echo-planar imaging sequence parallel to the line of the anterior-posterior commissure. The acquisition parameters were as follows: 37 slices, repetition time (TR) 5 2,000 ms, echo time (TE) 5 30 ms, flip angle (FA) 5 908, field of view (FOV) 5 220 3 220 mm 2 , matrix 5 128 3 128, slice thickness 5 3.2 mm, and no gap. A total of 184 volumes were acquired for each participant.
| ASL fMRI data
The resting-state ASL fMRI data were acquired with a 3D pseudocontinuous arterial spin labeling sequence: 72 axial slices, TR 5 4632 ms, TE 5 10.5 ms, FOV 5 240 3 240 mm 2 , matrix 5 128 3 128, slice thickness 5 4 mm, no gap, number of excitation 5 3, and postlabeling delay 5 1525 ms.
| Structural MRI data
High-resolution T1-weighted images were also acquired for each participant with a three-dimensional spoiled gradient-recalled sequence: 176 axial slices, TR 5 8.1 ms, TE 5 3.1 ms, FA 5 88, FOV5 250 3 250 mm 2 , matrix 5 256 3 256, slice thickness 5 1.0 mm, and no gap.
| Multimodal fMRI Data Processing
All the MRI data were processed using the SPM12 (http://www.fil.ion. ucl.ac.uk/spm/software/spm12/) and GRETNA (Wang et al., 2015a) toolboxes and custom Matlab codes unless stated otherwise.
| BOLD fMRI data
For individual BOLD fMRI data, the first five volumes were removed to allow for T1 equilibration effects. The remaining images were then corrected for intra-volume temporal offsets (Sinc interpolation) and intervolume head motion (six-parameter rigid-body transformation). The mean frame-wise displacement was <0.06 for all participants and did not differ significantly between the two groups (HCs: 0.019 6 0.009, MDD: 0.017 6 0.010; p 5 .528). Subsequently, the corrected images were spatially normalized into the standard Montreal Neurological Institute (MNI) space using the transformation fields derived from tissue segmentation of individual structural images and resampled to 3-mm isotropic voxels. The normalized images further underwent removal of linear drifts and temporal band-pass filtering (0.01-0.1 Hz).
Finally, several nuisance signals-including 24-parameter head motion profiles (Friston, Williams, Howard, Frackowiak, & Turner, 1996) , white matter, and cerebrospinal fluid signals-were regressed out from each voxel's time series to exclude non-neuronal sources. We did not perform spatial smoothing to avoid introducing artificial local FC.
After these data preprocessing steps, we first calculated voxelwise DC, which was used to identify regions that exhibit MDD-related FC alterations. DC, also referred to as FC density in brain network studies, is a graph-based metric that quantifies the overall connectivity of a node to all other nodes in a network. Briefly, for a given voxel, its time series was extracted and correlated with the time series of all other voxels in the brain. The summation of the resultant correlation coefficients (i.e., DC) was then calculated and assigned to the given voxel. To exclude the confounding effects of spurious correlations, correlation coefficients with values <0.25 were excluded prior to the summation (Buckner et al., 2009) . Negative correlations were also excluded due to their ambiguous interpretation (Fox, Zhang, Snyder, & Raichle, 2009; Murphy, Birn, Handwerker, Jones, & Bandettini, 2009 (Zang et al., 2007) , fALFF (Zou et al., 2008) , and TV (Zhang et al., 2016) . For a given voxel, the ALFF and fALFF separately measure the absolute and relative oscillation power or energy of its time series, and the TV reflects the extent to which its whole-brain FC pattern varies over time. Briefly, for a time series x(t), the ALFF was calculated as the sum of the square roots of its power spectrum within a predefined frequency range, and the fALFF was calculated as the ALFF within a given frequency range divided by the ALFF over the entire frequency range detectable in x(t). In this study, the ALFF/fALFF was computed within the low-frequency range of 0.01-0.1 Hz that was commonly used in previous resting-state brain network studies and within two subfrequency bands of slow-5 (0.01-0.027 Hz) and slow-4 (0.027-0.073 Hz). Notably, the BOLD fMRI data used for the ALFF/ fALFF calculation did not undergo temporal band-pass filtering but instead were spatially smoothed (Gaussian kernel, FWHM 5 6 mm).
With regard to the TV, we first segmented the whole time series of each voxel into a series of nonoverlapping windows with a fixed length (10, 15, and 20 TR, respectively) . Within each of the resultant time windows, we then calculated the whole-brain FC (Pearson correlation) for each voxel in the brain, therefore generating n3m FC maps for each participant (where n is the number of time windows and m is the number of voxels in the brain). Finally, for a given voxel, the TV was defined as the mean spatial correlation among all pairs of the n FC maps, followed by a subtraction from 1. For more details for computing the ALFF, fALFF, and TV, please refer to Zang et al. (2007) , Zhang et al. (2016), and Zou et al. (2008) .
Notably, all the DC, ALFF, fALFF, and TV calculations were restricted within a study-specific brain mask that was derived according to the following two criteria: (a) nonzero variance of BOLD signals for all the participants and (b) > 20% gray matter tissue probability in terms of the prior tissue probability map released in the SPM12 package.
| ASL fMRI data
For the ASL fMRI data, individual CBF images were first obtained using Functool (version 12.2.01), an automated image postprocessing tool embedded in the GE healthcare MR-750 system. Subsequently, the CBF images were spatially normalized to the standard MNI space (using the transformation fields derived from tissue segmentation of structural images), resampled to 3-mm isotropic voxels, and spatially smoothed (Gaussian kernel with FWHM 5 6 mm). Again, the CBF analysis was restricted within a study-specific brain mask that was derived according to the following criteria: (a) nonzero variance of CBF across all participants; (b) non-negative CBF for all participants; and (c) >20% gray matter tissue probability in terms of the prior map provided in the SPM12 package. 
.1 | MDD-related FC alterations
A voxel-wise two-sample t test was used to examine between-group differences in baseline DC maps with age, gender, education, and mean frame-wise displacement as covariates. To correct for the multiple comparisons, the 3dClustSim procedure was used with a height threshold of p < .001 (Woo, Krishnan, & Wager, 2014) and an extent threshold of p < .05, which corresponded to a corrected p < .05. Specifically, a mixed spatial autocorrelation function model was used in the 3dClustSim procedure, which efficiently controlled for false positive rates (Cox, Chen, Glen, Reynolds, & Taylor, 2017) .
| Spatial selectivity of MDD-related FC alterations
To characterize MDD-related FC alterations spatially, we examined their spatial distribution in the context of hub topography and modular architecture to test whether MDD-related FC alterations are selectively located in hubs (i.e., hub susceptibility) and preferentially involved in specific modules (i.e., module specificity). Specifically, two methods were used to test the hub susceptibility. First, we compared the DC between regions with and without MDD-related FC alterations for the baseline HCs at both the group and individual levels. For the grouplevel comparison, the average DC map over all baseline HCs was obtained and fed into an across-voxel two-tailed two-sample t test (independent). Given the huge difference in spatial sizes between regions with and without MDD-related FC alterations (368 voxels vs 38,481 voxels), we further performed the following simulation-based analysis. First, we randomly selected 368 voxels from the average DC map of the baseline HCs and calculated their mean. This procedure was implemented 10,000 times to generate an empirical null distribution, which was then used to determine a p value, indicating the deviation of the real observation (i.e., the mean DC across the 368 voxels that exhibited MDD-related alterations) from chance operations. For individual-level comparison, the mean DC was separately calculated within regions with and without MDD-related FC alterations for each baseline HCs and fed into an across-subject two-tailed two-sample t test (paired). Second, for the baseline HCs, we identified the brain hubs, DC of which was significantly larger than the group average (voxel-wise one-tailed one-sample t test, p < .05, corrected by the 3dClustSim procedure). In terms of whether a given voxel exhibited MDD-related FC alterations and whether it belonged to hubs, a 2 3 2 crosstab was subsequently constructed with elements representing the frequency distribution of voxels in each category. Finally, a chi-square test was implemented. With regard to the module specificity, we employed a publicly available brain parcellation atlas that contours seven functional modules of the brain: the default mode network (DMN), the fronto-parietal network (FPN), the dorsal attention network (DAN), the ventral attention network (VAN), the limbic network (LIN), the visual network (VIN), and the somato-motor network (SMN) (Yeo et al., 2011) . We calculated two measures to quantify the extent of vulnerability of each module to MDD-related FC alterations: dice coefficient and goodness-of-fit. For a given module, the dice coefficient was calculated as 23 the number of voxels within the module that exhibited MDD-related FC alterations divided by the sum of number of voxels that exhibited MDD-related FC alterations and number of voxels that belonged to the module, and the goodness-of-fit was computed as the difference of the mean value between voxels within and outside the module with respect to the absolute t map derived from between-group DC comparison. The higher the dice coefficient and goodness-of-fit values for a module, the more susceptible the module was to MDD. For each module, we also determined the statistical significance of the resultant goodness-of-fit value by constructing a corresponding null distribution formed by 10,000 artificial modules with the same size as the real module.
| Temporal characteristics of MDD-related FC alterations
To characterize MDD-related FC alterations temporally, we used the same methods as those for analyzing hub susceptibility (i.e., group level: independent t-and simulation-based tests; individual level: paired t test) to examine ALFF, fALFF, and TV differences between regions with and without MDD-related FC alterations for the baseline HCs.
| Metabolic basis of MDD-related FC alterations
For each region that exhibited MDD-related FC alterations, we first examined between-group differences of regional CBF with an independent two-tailed two-sample t test. Furthermore, we calculated cross-modality (i.e., DC vs CBF) Pearson correlation coefficients within each region (across voxels) on the basis of both group-average and individual DC/CBF maps. Given that neighboring voxels were spatially dependent because of physiological correlations and spatial smoothing, the effective degree of freedom was corrected to estimate the p values for the correlation analyses (Liang et al., 2013) . Notably, prior to the correlation analysis, individual DC and CBF maps were separately converted to z-score maps (subtraction of mean followed by division by standard deviation) to facilitate cross-modality fusion given different orders of magnitude between the two measures (Liang et al., 2013) .
Finally, we utilized a non-parametric approach for a co-analysis of multimodal brain imaging data (Hayasaka et al., 2006) to determine concordance and dissociation regions where DC and CBF increase or decrease together and do not increase or decrease together, respectively. Specifically, based on the t maps of between-group differences in DC and CBF (S 1 and S 2 ), we calculated the concordance combining function U(v) and the dissociation combining functions V(v) and W(v) with the following formulas:
where S were calculated and thresholded with the same parameters that were used when the data labels were correctly assigned. Finally, the largest cluster mass was recorded among all the surviving clusters to control the family-wise error rate to correct for multiple comparisons. The permutation procedure was conducted 5,000 times in total to generate a sufficiently reliable empirical distribution of cluster mass. Based on the empirical distribution of cluster mass, corrected p values were assessed for each surviving cluster derived from data with the correct group labels by comparing their cluster mass values to the empirical distribution.
| Therapeutic response of MDD-related FC alterations
To examine whether MDD-related FC alterations recover following antidepressant treatment, we examined between-group differences of DC for regions showing MDD-related FC alterations at baseline after 2-week and 12-week follow-up (two-sample independent t test; age, gender, education, and mean frame-wise displacement as covariates).
This maximizes the use of samples during the follow-up. Similar comparisons were also performed for regional CBF.
| Clinical relevance of MDD-related DC alterations
For each region showing MDD-related FC alterations, a Spearman correlation analysis was used to investigate its relationship with clinical variables (HAMD score, age of onset, duration of current episode, number of episodes, and disease duration) in the patients. In addition, the Spearman correlation was used to examine the relationship between changes in the DC and HAMD scores following antidepressant treatment in the patients. 
| Demographics and clinical characteristics
There were no significant differences in age, gender or education between the MDD and HCs groups either at baseline or after 2-week or 12-week follow-up (all p > .05; Table 1 ). The HAMD scores gradually and significantly decreased for the MDD patients after antidepressant treatment (p < .001 for both baseline versus 2-week follow-up and 2-week follow-up versus 12-week follow-up; paired t tests). Figure 1a shows the mean DC map for the HCs. The most highly connected regions were predominantly located in the prefrontal cortex, the anterior cingulate cortex (ACC), the posterior parietal and occipital cortex, the middle temporal gyrus, and the parahippocampal gyrus (PHG). For the MDD patients, a highly similar pattern was observed (across-voxel spatial correlation: r 5 .960, p < .001; Figure 1b) .
| Decreased functional connectivity in MDD at baseline
Nevertheless, significant decreases were found in the patients in the bilateral ACC, middle frontal gyri (MFG) and superior frontal gyri (SFG) and the right PHG (p < .05, corrected; Figure 1c ). These results were largely reproducible when different choices were used during the DC calculation and when patients with medication were excluded (Figure 2 ).
| MDD-related functional connectivity decreases are selectively located in regions with hub-like features and in the limbic and default mode networks
Based on the mean DC map derived from baseline HCs (Figure 1a 
| Regions showing MDD-related functional connectivity decreases exhibit unique temporal organization
Based on the mean fALFF maps derived from baseline HCs (Figure 5a When the above regional analyses were extended to the entire brain, positive correlations were observed again at both the group (HCs: r 5 .508, p < .001; MDD: r 5 .463, p < .001; Figure 8a ) and individual (HCs: r 5 .137-.578; MDD: r 5 .060-.538) levels. Interestingly, the whole-brain cross-modality correlations were significantly decreased in the patients compared with the HCs (z 5 7.339, p < .001
for group-level correlations; t 5 2.276, p 5 .026 for individual-level correlations; Figure 8b ). This implies the existence of regions that have dissociated patterns with respect to MDD-related DC and CBF alterations, which was supported by our findings of whole-brain between-group comparisons of CBF ( Figure 9 ) and a nonparametric coanalysis of DC and CBF maps (Figures 10 and 11 ).
3.6 | Antidepressant treatment normalizes MDD-related functional connectivity decreases Figure 12 shows the between-group DC and CBF differences after 2- and the bilateral SFG for DC and in the bilateral SFG for CBF (p < .05, corrected by the false discovery rate procedure; Figure 12a ). After 12-week antidepressant treatment, no regions were found to show between-group differences in either DC or CBF (all p > .05; Figure   12b ).
| Clinical relevance of MDD-related functional connectivity decreases
Within the MDD group, no significant correlations were observed either between baseline DC and any clinical variable or between 
| D I SCUSSION
In this study, we examined spatiotemporal characteristics, metabolic basis and therapeutic response of integrative dysfunctions in MDD to afford general insights into our understanding of network disorganization in the disease. First, we found that MDD was associated with impaired FC in the bilateral ACC, MFG, and SFG and the right PHG.
The ACC is a key node in emotional regulation (Bush, Luu, & Posner, 2000) , where lesions can result in autonomic dysregulation, apathy, and emotional instability (Cardinal, Parkinson, Hall, & Everitt, 2002; Devinsky, Morrell, & Vogt, 1995) . The PHG is another important site in emotional processing (Frank et al., 2014) , especially in reactions involving negative emotions (Chan, Baumann, Bellgrove, & Mattingley, 2014) .
Regarding the SFG and MFG, they are involved in a variety of cognitive functions, such as working memory, motor control, and attentional reorientation (du Boisgueheneuc et al., 2006; Japee, Holiday, Satyshur, Mukai, & Ungerleider, 2015; Martino et al., 2011) . For depressed individuals, decreased structural and FC of these sites have been frequently reported in previous studies (Korgaonkar, Fornito, Williams, & Grieve, 2014; Zhang et al., 2011) . Thus, our findings are consistent with previous findings and indicate that integrative dysfunctions of these regions may contribute to disturbances in mood and cognition in MDD. Notably, using the DC approach, previous studies observe inconsistent findings (Wang et al., 2015b; Zhang et al., 2016) , which may be due to differences in clinical samples or data preprocessing methods. Notably, the current findings were largely reproducible when different analytical strategies were employed and were independent of medication status of the patients.
We found that the MDD-related FC decreases tended to be located in hub-like regions. Recently, an increasing number of studies have demonstrated that brain hubs are selectively attacked in different diseases, such as Alzheimer's disease (Dai et al., 2015) . Based on metaanalyses of MRI data of 26 brain disorders, Crossley et al. (2014) further demonstrate the universality of hub vulnerability, suggesting that hub susceptibility may be a common network substrate of various brain disorders (Stam, 2014) . Thus, our findings provide new evidence for this notion. Nevertheless, it should be noted that the hub susceptibility exhibits disorder-specific patterns. For instance, temporal hubs were specifically implicated in Alzheimer's disease, whereas frontal and temporal hubs were specifically involved in schizophrenia (Crossley et al., | 1967 2014). Here, we demonstrated that MDD-related integrative disturbances were most commonly located in the LIN and DMN. The LIN is a group of interconnected cortical and subcortical structures (Mesulam, 2000) that are mainly involved in memory and emotion (Rolls, 2015) .
The DMN is engaged in a diverse array of functions, such as episodic memory, self-relevant mental processing, and monitoring the external environment (Raichle, 2015) . Numerous studies have reported the wide involvement of the LIN and DMN in the physiopathology of depression (Price & Drevets, 2012; Zhong, Pu, & Yao, 2016) power, interregional FC and whole-brain network topology in healthy brain (Xue, Li, Weng, Northoff, & Li, 2014) and exhibit unique alterations in depressed individuals (He et al., 2016) . Moreover, it is suggested that several rhythms can temporally coexist in the same structures (Steriade, 2001) , and neighboring bands are typically associated with different brain states and compete with each other (Watrous, Tandon, Conner, Pieters, & Ekstrom, 2013) . This is consistent with the observed opposite pattern of temporal uniqueness in regional oscilla- Zhang et al. (2016) found that heteromodal association areas and the limbic system had high variability and primary and unimodal sensory-motor cortices had low variability in healthy brain. The nonuniform distribution may reflect different abilities of regions to dynamically reconfigure themselves into different functional modules (Liao et al., 2017; Zhang et al., 2016) . Thus, our results imply that MDD tends to disrupt FC of regions that are temporally stable or inactive in dynamic module affiliations. Notably, in contrast with regional analysis of temporal variability in previous studies (Liao et al., 2017; Zhang et al., 2016) , this study was performed at a voxel level. This discrepancy makes a direct comparison of our results with previous findings unreasonable (de Reus & van den Heuvel, 2013) .
We found that the regions exhibiting MDD-related FC decreases had reduced CBF in the patients compared with the HCs. Further correlation analyses revealed positive correlations between CBF and DC at both the regional and whole-brain levels for both the groups. These findings are consistent with previous studies demonstrating that FC has a metabolic and physiological basis (Liang et al., 2013; Tomasia et al., 2013) . Nevertheless, we noted that there existed multiple regions that showed reduced CBF but had intact FC in the patients. Indeed, a similar phenomenon was also found for the response of FC and CBF to antidepressant treatment. That is, some regions showed therapeutic effects on both FC and CBF while others were normalized only in CBF.
We speculate that both the FC disruptions and their recovery may reflect a result of accumulative effects of MDD-induced CBF alterations over a period of time. The speculation sounds reasonable because if a region suffers from long-term hypometabolism, it would lack sufficient energy to retain its interregional neural synchronization and eventually represents FC disruptions, and vice versa. Moreover, the time lag between CBF alterations and FC manifestations may vary across different regions in the brain. This is consistent with previous findings that the FC-CBF coupling is dependent on module affiliation and connection distance of a region (Liang et al., 2013) . Although the FC-CBF relationship is not fully understood currently, our preliminary results suggest that CBF manifests MDD-related alterations and therapeutic effects ahead of FC and thus could serve as a clinically more meaningful biomarker for the disease. Future longitudinal studies that cover different stages, particularly the early phase of depression, will be helpful for clarifying the causal relationships or sequential alterations of FC and CBF under diseased conditions.
We found that the HAMD scores gradually declined and the decreased FC gradually recovered when the patients followed antidepressant treatment. This suggests that the remission of MDD is associated with a normalization of abnormal FC in the disease. This is also in line with previous studies from both healthy subjects (McCabe & Mishor, 2011 ) and MDD patients (Abdallah et al., 2017; Wang et al., 2015b) showing that antidepressant drugs could significantly regulate or normalize interregional FC of the brain. Specifically, as a critical hub for depression, the ACC has been previously reported to show increased FC after medication (Anand et al., 2005) . In particular, efficacy of transcranial magnetic stimulation targets for depression is closely related to the FC of the subgenual cingulate (Fox, Buckner, White, Greicius, & Pascual-Leone, 2012) . These findings collectively suggest that the ACC may act as a convergent mediator via which different therapeutic programs generate antidepressant efficacy.
This study has several limitations that warrant discussion. First, the sample size is relatively small, which may limit the statistical power in results were obtained when our main analyses were restricted in the first-episode and drug-naïve patients, and no significant correlations were found between the FC alterations and numbers of episodes among all the patients. Accordingly, it is important for future studies to examine the reproducibility of our findings by using a large cohort of MDD patients that are clinically more homogeneous (e.g., first-episode and drug-naïve). Second, we did not collect behavioral and cognitive data for the participants. An interesting future topic is to explore the relationship between FC recovery and cognitive improvements following antidepressant treatment in MDD. Third, we employed CBF, an adequate surrogate for cerebral oxygen and glucose metabolism (Liang et al., 2013) , to study the metabolic substrate of MDD-related FC alterations because of its non-invasiveness and ease of access. Future studies could help clarify potential bias in the estimated cross-modality coupling by using positron emission tomography. Additionally, previous studies have shown that spontaneous fMRI signal oscillations exhibit reliably positive correlations with regional CBF and metabolism in healthy subjects (Aiello et al., 2015; Li, Zhu, Childress, Detre, & Wang, 2012) . It is interesting in future studies to systematically examine the mutual relationships among different fMRI-based measures (e.g., FC, ALFF, and CBF) in MDD. Finally, we used different antidepressant drugs for the patients during the follow-up period to make our findings as clinically relevant as possible. Although this is a widely used design in MDD (Korgaonkar et al., 2015; Li et al., 2013) 
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